A previous paper showed that virulent strains of Bacillus anthracis were capable of growing in broth of higher pH values than would comparable numbers of an avirulent variant. The pH tolerance of the virulent bacteria was shown to be correlated with a production of alkaline-effective proteolytic enzymes greater than that of the avirulent strain. The addition of trypsin to broth increased the pH tolerance of the avirulent strain. It was also found that heating serum to destroy the serum protease-inhibitor made it a better medium for bacterial growth.
Dissociation of cultures. Strains VD-3, VD-4, and VD-5R were dissociated from the original cultures D-3, D-4, and D-5, respectively ("V" in the above designations means "variant"), by inoculating the original cultures into tubes of nutrient-tryptose broth at about pH 7.0 and incubating at 37°C. for 25 days; the #From the Department of Bacteriology, Yale University. The material presented represents a portion of the data contained in a dissertation submitted on May 1, 1947 , to the faculty of the Graduate School of Yale University in candidacy for the degree of Doctor of Philosophy. cultures being transferred once every 7 days. At the end of this time the broth cultures were streaked on nutrient-tryptose agar plates, rough colonies were transferred to broth, the broth incubated, and then streaked on to plates from which rough colonies were transferred to slants. Strain VD-5S, a smooth variant of strain D-5, was obtained by streaking a broth culture of D-5 without any extended period of incubation. Strain 4AD-3 was obtained from VD-3 by passing this culture through alkaline broth of increasing pH up to 8.65 (seven transfers) and then through nine transfers in broth of the same pH. Strain 1D-3 was obtained by passing D-3 through one mouse.
Enzyme titration. Enzyme solution was added to equal volumes of 1 per cent Bacto-peptone solution, and a modification of the formol titration method used by Brown' was applied to 1 and 2 ml. of the enzyme-peptone solution. Distilled water was added to the aliquot to bring the total to 10 ml. Five drops of phenol red indicator were added (except when the Beckmann glass electrode was used in place of the comparator block), the reaction adjusted to pH 8, 4 drops of phenol red added and followed by the addition of 8 ml. of formalin. The contents of the tube were then mixed gendy and titrated with N/20 NaOH to pH 8. The titration of a formalin blank was subtracted from the above titration. In a few cases the enzyme solution was inactivated by boiling and the inactivated enzyme was added to peptone to serve as a control.
Experimental results
Virulence: The cultures to be tested were grown in Difco-brainheart-infusion broth for from 19 to 24 hours and 0.5 ml. of the diluted broth culture were added to 4.5 ml. of 5 per cent mucin4 to give the desired dilution of bacteria. Of the resulting suspension, 0.5 ml. were injected intraperitoneally into each of three 18 to 22 gm. white mice and the animals were observed for three weeks. As variations in the effectiveness of the mucin influence the virulence of the bacteria tested, the virulent and avirulent bacteria were tested at the same time and with the same batch of mucin.
The virulence titrations showed that strain D-1 killed with 116,000 bacteria, while strain D-2 required 34,000,000 cells. The titrations of the S. paradysenteriae Flexner strains showed that D-3 was virulent in *that 7,500 organisms killed mice, whereas the rough variant VD-3 dissociated from it was avirulent, for only 56,000,000 bacteria produced death. The results of D-4 showed that it killed with 3,100 cells, while the VD-4 variant derived from it required 9,000,000 organisms to kill.
pH tolerance: This section presents the results of determinations of the pH tolerance of the bacteria under study and will show that the virulent bacteria are more tolerant to alkaline broth than are the avirulent organisms.
Cultures were grown on nutrient-tryptose agar slants and some of the growth was suspended in 7 ml. of distilled water in Klett-Summerson tubes and standardized to a density of "12" in the colorimeter using a blue filter. Of each standard suspension 0.1 ml. was inoculated into a duplicate set of tubes containing 10 ml. of sterile broth of the desired pH value. The strains tested all gave about equal growth at pH 5. (Table 2) show that no change in pH resulted from the addition of the inoculum, but was due to the growth of the organisms inoculated. Proteolytic enzymes: It has been inferred that the virulence and the pH tolerance of bacteria are associated with the presence of enzymes which differ quantitatively or qualitatively in the bacteria. Previous studies with B. anthracis2 have suggested that the virulent bacteria possess more proteolytic enzyme activity in the alkaline range than do the avirulent bacteria.
The amount of enzyme activity produced by the virulent Flexner D-4 and the avirulent Flexner VD-5R strains was studied. Bacteria were inoculated into brain-heart-infusion broth (Difco) and after incubation at 37 'C. for 11 days the cultures were filtered through Chamberland L-5 candles and the bacterial filtrates were used as the enzyme solutions. Four milliliters of the filtrate were added to 4 ml. of a 1 per cent Bactopeptone solution. In the first experiment, a portion of the enzyme solution was inactivated by autoclaving, and 4 ml. of this inactivated filtrate were added to 4 ml. of peptone solution. These mixtures were adjusted to pH 8.70 and incubated at 37°C. for 4 days, after which the formol titration was carried out with N/20 NaOH. The results of such an ex-periment show that the D-4 strain produced enzymes which were active at pH 8.70, while no such activity was exhibited by the VD-5R strain.
In the next and in succeeding experiments using the formol titration method, 1 ml. of enzyme solution was added to 9 ml. of peptone solution and this mixture was titrated immediately before and again after incu- Table  3 was tested by the analysis of variance and showed a high significance for the differences between the two strains, the probability being less than 0.001. These results show that pH tolerance is associated with the greater production (and release into the medium) of alkaline-effective proteolytic enzymes by the virulent bacteria. As pH tolerance has been shown to be related to virulence, this production of trypsin-like enzyme is also related to virulence.
Discussion
The reader is referred to the paper dealing with Bacilus anthracis for a complete discussion of the implications of the results of this study. The results obtained with the Shigella group of bacteria were similar to those obtained with B. anthracis. That the virulent strains were able to grow at pH values higher than could the avirulent bacteria dissociated from them indicates a close correlation between pH tolerance and virulence. The ability of the bacteria to grow in alkaline broth is apparently due to the production of a proteolytic enzyme which is active at alkaline pH values. Thus, with the bacteria of the Shigella group as well as with B. anthracis the probable importance of an alkaline-effective enzyme in the composition of virulence' is indicated. The results obtained with the dysentery strains showed that differentiation was most effective at about pH 8.65, whereas with B. anthracis it was about pH 9.20. This could mean that either different enzymes were involved or that the B. anthracis strains produced more of the same enzyme. The data obtained from enzyme preparations of the two genera of bacteria indicate similarity. It must be emphasized that "enzyme" refers to an extract of the bacterial cells, and more than one enzyme or system of enzymes could be involved. The quantitative aspect of the alkaline-effective enzyme is shown by the initiation of growth in alkaline broth by larger inocula when smaller inocula fail to do so.
The same relationship between pH tolerance, virulence, and the production of alkaline-effective proteolytic enzymes very probably exists among other, if not all, genera of virulent bacteria. The neutralization of the proteolytic enzymes, which is believed to be a cause of the invasive property of the organism, offers a point of attack in interfering with the in vivo growth of virulent bacteria.
